INTRODUCTION
============

Cardiovascular disease is the leading cause of death in the world ([@bib7]; [@bib24]). Heart failure (HF) supports an important percentage of the cardiovascular diseases with serious clinical complications including cardiac arrhythmias, in many cases derived from calcium (Ca^2+^)-handling impairment. Among others, Ca^2+^ is a key factor of electrical activation, ion channel gating, and excitation--contraction (EC) coupling in the cardiac muscle. During cardiac EC coupling, Ca^2+^ influx via sarcolemmal L-type Ca^2+^channels triggers Ca^2+^ release from the SR by RyRs, increasing the cytosolic Ca^2+^ concentration (\[Ca^2+^\]~i~), which activates myocyte contraction ([@bib8]; [@bib4]). Cytosolic \[Ca^2+^\]~i~ transient results from spatial and temporal summation of elementary Ca^2+^ events named Ca^2+^ sparks ([@bib6]). This \[Ca^2+^\]~i~ elevation is transient, because Ca^2+^ is promptly extruded to the extracellular medium by the sodium--calcium exchanger (NCX) and pumped back to the SR by the sarco-endoplasmic reticulum Ca^2+^ ATPase (SERCA), whose activity is controlled by phospholamban (PLB). Other systems participate in regaining diastolic \[Ca^2+^\]~i~ but to a minor degree ([@bib4]).

A significant decrease in the \[Ca^2+^\]~i~ transient amplitude is a common feature observed in human and animal models of HF and contributes to depressed contractile function ([@bib5]; [@bib19]; [@bib34]). The global \[Ca^2+^\]~i~ transient depends on several factors: the trigger L-type Ca^2+^ current (I~CaL~), the amount of Ca^2+^ stored in the SR, and the RyR function. I~CaL~ density has been found unaltered in human ([@bib5]; [@bib34]) and most experimental models of HF ([@bib3]). However, a defect in the efficacy of I~CaL~ to release Ca^2+^ has been manifested as a significant reduction in the amount of Ca^2+^ sparks triggered by I~CaL~ ([@bib13], [@bib14]). This defect in EC coupling can be related to structural alteration of the remodeled cardiomyocyte, which effectively increases the distance between the L-type Ca^2+^ channels and RyRs, as it was first suggested ([@bib13]), and lately supported by alteration of T-tubular structure and increase in the orphaned RyRs ([@bib43]). Concomitantly, the reduction in SR Ca^2+^ load in the failing myocyte is an important determinant for the reduced amplitude of the \[Ca^2+^\]~i~ transient amplitude in systole. This reduction has been ascribed to an impairment in the SR Ca^2+^ uptake, related to depressed SERCA function and expression in HF ([@bib27]; [@bib28]; [@bib12]) and increased ratio of PLB/SERCA expression and/or PLB hypophosphorylation ([@bib35]). The NCX expression has also been found to be increased in many HF models, and although its contribution to unload the SR Ca^2+^ is unclear ([@bib3]; [@bib15]; [@bib34]), it may participate to deplete Ca^2+^ stores. The reduction in the SR Ca^2+^ load in HF could also be caused by an increase in the Ca^2+^ leak during diastole ([@bib11]), which has been related to an increase in the RyR phosphorylation status by PKA ([@bib25]; [@bib35]) or Ca^2+^/calmodulin-dependent protein kinase II ([@bib1]).

Diastolic Ca^2+^ leak occurs in several forms: as Ca^2+^ sparks, Ca^2+^ waves, or even as image-imperceptible RyR openings ([@bib44]). What remains unclear today is how HF might affect Ca^2+^ spark occurrence in quiescent myocytes. If all other elements of EC coupling were unaffected, enhanced RyR activity might be viewed as an increased occurrence of spontaneous Ca^2+^ sparks. For example, the frequency of Ca^2+^ sparks is greatly enhanced in a pro-arrhythmogenic model caused by RyR point mutation ([@bib9]). In healthy cardiomyocytes, an acute increase in RyR activity only produces transient effects: in a few twitches, the SR Ca^2+^ load is depressed so the \[Ca^2+^\]~i~ transient returns to control values ([@bib42]). However, in HF, with numerous concomitants alterations, no consensus data have been reported regarding spontaneous Ca^2+^ spark frequency. In fact, the frequency of Ca^2+^ sparks is also dependent on the SR Ca^2+^ load ([@bib16]). Thus, even if RyRs were more active, this would decrease the SR Ca^2+^ load, depressing RyR activity, until reaching new equilibrium. Moreover, higher activity of RyRs does not exclusively mean more Ca^2+^ sparks. Some authors have reported an increase in the Ca^2+^ spark frequency in HF animal models ([@bib2]), whereas others demonstrated a significant decrease in the Ca^2+^ spark frequency of isolated cardiomyocytes from patients with terminal HF compared with non-failing individuals ([@bib22]). But the RyR activity not only depends on its phosphorylation state, but also on its environment, which can be altered in HF. For example, ATP level, which activates the RyR ([@bib20]), is depressed in HF ([@bib30]). To clarify this point, we hypothesize that the increased activity of RyRs may be masked in intact cardiomyocytes by other alterations, but might be unmasked in permeabilized myocytes where the cytosolic environment is tightly controlled by the used internal solution. Here we show, for the first time, a comparison between Ca^2+^ spark recordings in intact versus permeabilized cardiomyocytes in a mouse model of cardiac dysfunction post-myocardial infarction (PMI).

MATERIALS AND METHODS
=====================

All experiments were performed according to the ethical principles laid down by the French Ministry of Agriculture and the European Union Council Directives (2010/63/EU) for the care of laboratory animals.

Induction of myocardial infarction
----------------------------------

Myocardial infarction was induced by left coronary artery ligation under anesthesia (2% isoflurane/O~2~; AErrane; Baxter) in 16 male C57BL/6J mice (9 wk of age) placed under mechanical ventilation. Left anterior descending coronary artery was visualized and ligated 1--2 mm from the top of the left atrium. A subcutaneous injection of buprenorphine (0.3 mg/ml) was administered for postoperative analgesia. Sham mice (*n* = 14) were subjected to the same surgical procedure but without coronary artery ligation. 4--6 wk after surgery, cardiac contractile function was assessed by M-mode echocardiography. Only PMI hearts that showed a transmural scar greater than four (number of parts occupied by the scar from a total of six, as assessed by visual division of the left ventricle--free wall, as we did before) were used ([@bib33]).

Echocardiography
----------------

Transthoracic echocardiography was performed using a 15-MHz transducer (Vivid 9; GE Healthcare) under 3% isoflurane gas anesthesia. Two-dimensional echocardiography was used to determine left ventricular ejection fraction using a modified version of Simpson's monoplane analysis ([@bib29]).

Ventricular myocytes isolation
------------------------------

Ventricular myocytes from sham and PMI mice were isolated using an enzymatic perfusion method ([@bib36]; [@bib10]). In brief, mice pretreated with 1,000 U/kg heparin were anaesthetized with 50 mg/kg sodium pentobarbital administered intraperitoneally. Hearts were removed and placed in ice-cold oxygenated Tyrode's solution containing (in mmol/liter): 130 NaCl, 0.4 NaH~2~PO~4~, 5.8 NaHCO~3~, 0.5 MgCl~2~, 5.4 KCl, 22 glucose, 25 HEPES, and 10^−3^ insulin, pH 7.4 with NaOH. The aorta was cannulated above the aortic valve and perfused by gravity at 37°C with preoxygenated Tyrode's solution containing 0.1 mmol/liter EGTA for 2 min. Enzyme solution with 1 g/liter collagenase Type II (Worthington Biochemical Corporation) or 5 g/liter Liberase (TM Research Grade; Roche) in Tyrode's solution supplemented with 0.1 mmol/liter CaCl~2~ was then perfused until the aortic valve was digested, as assessed by increased efflux. Hearts were removed, cut in small pieces, and gently shaken in enzyme solution supplemented with 2 g/liter BSA for 2 min at 37°C to disperse individual myocytes. Myocytes were then filtered through a 250-µm nylon mesh and centrifuged at 20 *g* for 2 min. A pellet containing myocytes was resuspended in Tyrode's solution supplemented with 0.5 mmol/liter CaCl~2~ and 2 g/liter BSA, and then centrifuged again. The final pellet was resuspended in storage solution containing Tyrode's solution supplemented with 1 mmol/liter CaCl~2~.

\[Ca^2+^\]~i~ transients and SR Ca^2+^ load
-------------------------------------------

We used 14 control mice and 16 PMI animals. Isolated ventricular myocytes were loaded with the membrane-permeant Fluo-3 AM, as described previously ([@bib32]; [@bib38]). Confocal Ca^2+^ images were obtained by exciting the cell at 488 nm, and emission was collected at \>505 nm using a laser scanning confocal microscope (LSM510; Carl Zeiss, or SP5; Leica) equipped with a 63× N.A. 1.2 water-immersion objective in the line-scan mode. To record intracellular Ca^2+^ (\[Ca^2+^\]~i~) transients, myocytes were electrically field stimulated by two Pt electrodes at 2 Hz. Before recording, Fluo-3--loaded myocytes were stimulated for 1 min to reach steady state. The fluorescence values (F) were normalized by the basal fluorescence (F~0~) to obtain F/F~0~. For SR Ca^2+^ load estimation, intact ventricular myocytes were rapidly perfused with 10 mmol/liter caffeine just after field stimulation. The amplitude of caffeine-evoked Ca^2+^ transients was used to assess SR Ca^2+^ load. Fractional SR release was measured by normalizing the steady state of the Ca^2+^ transient (peak F/F~0~) by the caffeine-evoked intracellular Ca^2+^ transient (peak F/F~0~ evoked by 10 mmol/liter of rapid caffeine application). Post-rest potentiation was calculated by normalizing the first intracellular Ca^2+^ transient (peak F/F~0~) after a period of rest from ∼2 min to reach the steady-state \[Ca^2+^\]~i~ transient ([@bib37]).

Ca^2+^ spark recording
----------------------

To record spontaneous Ca^2+^ sparks and Ca^2+^ waves in intact quiescent cells, after \[Ca^2+^\]~i~ transient recordings, each myocyte was scanned 12 times for 1.5 s at 1.5 ms per line. Ca^2+^ sparks were detected as localized, rapid, and brief elevations in Ca^2+^ fluorescence. Ca^2+^ sparks were detected using an automated detection system (homemade in IDL; Exelis Visual Information Solutions) and a criterion that limited the detection of false events while detecting most Ca^2+^ sparks ([@bib9]). Abnormal spontaneous Ca^2+^ release manifested as Ca^2+^ waves were quantified by the percentage of occurrence. Ca^2+^ wave was identified as an increase in the Ca^2+^ fluorescence starting locally and propagated to one or both sides of the cell ([@bib9]).

In permeabilized myocytes, the basic control internal solution used contained (in mmol/liter): 120 K-aspartate, 10 HEPES, 3 MgATP, 0.5 EGTA, 10 Na phosphocreatine, 5 U/ml creatine phosphokinase, and 0.75 MgCl~2~, and 8% dextran, pH 7.2. After permeabilization with saponin (0.01% wt/vol for 60 s), this solution was supplemented with 50 µmol/liter K~5~-Fluo-3 and enough CaCl~2~ to reach 50 nmol/liter of free Ca^2+^, calculated with MAXCHELATOR. Ca^2+^ sparks were recorded after a period of 1 min of stabilization in this internal solution.

In a set of experiments to mimic the pathological conditions of a failing heart, a "failing" internal solution was used, of similar composition to the basic control solution, but ATP and creatine phosphokinase were reduced by half, and inorganic phosphates were added (6.5 mmol/liter K~2~HPO~4~) ([@bib17], [@bib18]). To maintain the total amount of Mg, while reducing MgATP concentrations, the amount of MgCl~2~ was increased to 2.25 mmol/liter.

SR Ca^2+^ load in permeabilized myocytes was estimated by rapid 20-mmol/liter caffeine application (solved in basic or failing solution) after Ca^2+^ spark recording.

Statistical analyses
--------------------

Data are presented as means ± SEM. Statistical significance was evaluated by Student's *t* test. For statistical comparison of occurrence, Ca^2+^ waves and triggered activity Gaussian Fisher's χ^2^ test was used. Preliminary descriptive analyses included frequencies for categorical variables and mean ± SD for continuous variables. A conditional hierarchical linear model was used (SAS/UNIX statistical software; PROC MIXED; SAS Institute) to compare continuous variables between groups to take into account the multiple observations per animal. The group was a fixed effect, and animals were a random effect nested in the group; in the case of repeated measurements on cells, we added a random effect for cells in animals.

RESULTS
=======

Ca^2+^ release and SR Ca^2+^ load after myocardial infarction
-------------------------------------------------------------

Hearts from PMI mice showed a significant reduction in the ejection fraction, measured by echocardiography, compared with hearts from sham mice ([Fig. 1 A](#fig1){ref-type="fig"}). Cellular hypertrophy was assessed by cardiomyocyte area measured by confocal microscopy images of isolated ventricular myocytes. Cardiomyocytes from PMI mice showed significantly higher cellular area than myocytes from sham-operated animals, indicating hypertrophy at the cellular level ([Fig. 1 B](#fig1){ref-type="fig"}). To determine whether intracellular Ca^2+^ handling was altered in hypertrophied myocytes from PMI mice, we analyzed \[Ca^2+^\]~i~ transients. [Fig. 1 C](#fig1){ref-type="fig"} shows representative line-scan images of evoked \[Ca^2+^\]~i~ transients from sham (top) and PMI (bottom) cardiomyocytes. The \[Ca^2+^\]~i~ transients recorded in PMI myocytes were smaller in amplitude than those recorded in control myocytes. The average amplitude of \[Ca^2+^\]~i~ transients showed a significant reduction in myocytes from PMI mice compared with myocytes from sham-operated mice ([Fig. 1 D](#fig1){ref-type="fig"}). \[Ca^2+^\]~i~ transient decay time ([Fig. 1 E](#fig1){ref-type="fig"}) was significantly prolonged in myocytes from PMI mice compared with those from sham-operated mice, suggesting slower Ca^2+^ uptake by the SERCA pump. Cellular shortening was also significantly decreased in myocytes from PMI mice ([Fig. 1 F](#fig1){ref-type="fig"}). Because SR Ca^2+^ load is determinant in \[Ca^2+^\]~i~ transient amplitude, we measured SR Ca^2+^ content by rapid caffeine application, as exemplified in [Fig. 2](#fig2){ref-type="fig"} for one sham myocyte (left) and one hypertrophied myocyte from PMI mouse (right). The averaged caffeine-evoked \[Ca^2+^\]~i~ transients were smaller in PMI myocytes compared with sham myocytes ([Fig. 2 B](#fig2){ref-type="fig"}). Thus, the decrease in \[Ca^2+^\]~i~ transient amplitude might be related, at least in part, to the decrease in SR Ca^2+^ load. Caffeine-evoked \[Ca^2+^\]~i~ transient decay was significantly accelerated in myocytes from PMI mice ([Fig. 2 C](#fig2){ref-type="fig"}), suggesting faster Ca^2+^ extrusion through the NCX. We also estimated the fractional release in electrically evoked beats by normalizing \[Ca^2+^\]~i~ transient amplitude by the SR Ca^2+^ load (see Materials and methods). We observed that myocytes from PMI mice showed increased fractional release compared with sham myocytes ([Fig. 2 D](#fig2){ref-type="fig"}), suggesting higher RyR activity, even if the \[Ca^2+^\]~i~ transient is depressed. However, the capacity of the SR to accumulate Ca^2+^ during rest, as estimated by the post-rest potentiation, was decreased in PMI cardiomyocytes ([Fig. 2 E](#fig2){ref-type="fig"}).

![Myocardial infarction induces a decrease in \[Ca^2+^\]~i~ transients. (A) Ejection fraction measured by echocardiography in control (white bar; *n* = 12) and coronary artery occlusion (PMI; red bar; *n* = 12)--operated mice. (B) Cardiomyocyte area expressed in square micrometers for sham (white bar; *n* = 14 cells from three animals) and PMI (red bar; *n* = 11 cells from three animals). (C) Line-scan images during field stimulation at 2 Hz of one ventricular myocyte from sham (top) or PMI (bottom) mice. (D--F) Intracellular \[Ca^2+^\]~i~ transient peak (D), decay time (E), and cell shortening (F; 34 cells from eight sham mice and 30 cells from eight PMI mice) in ventricular myocytes. Peak expressed as maximum F/F~0~, where F is the fluorescence trace and F~0~ is the fluorescence during the diastolic period. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001 versus myocytes from sham mice. Error bars represent the SEM.](JGP_201511366_Fig1){#fig1}

![Myocardial infarction induces a decrease in SR Ca^2+^ load. (A) Line-scan images of caffeine-evoked intracellular Ca^2+^ transients after field stimulation at 2 Hz in one ventricular myocyte from sham (left) or PMI (right) mice obtained by the application of 10 mmol/liter caffeine. (B) Averaged caffeine-evoked Ca^2+^ transient peak (F/F~0~) of myocytes from sham (white bar; *n* = 43 cells from six animals) and PMI (red bar; *n* = 21 cells from five animals) mice. (C) Averaged decay time constant of the caffeine-evoked Ca^2+^ transient (34 cells from six sham animals; 13 cells from five PMI animals). (D) Fractional SR Ca^2+^ release during field stimulation at 2 Hz in control myocytes (white bar; *n* = 36 cells from three animals) and in cells from PMI mice (red bar; *n* = 20 cells from three animals). (E) Post-rest potentiation (white bar; *n* = 36 cells from three animals) and in cells from PMI mice (red bar; *n* = 20 cells from three animals). Error bars represent the SEM. \*, P \< 0.05; \*\*, P \< 0.001 PMI versus sham.](JGP_201511366_Fig2){#fig2}

Opposite effect in spark-mediated Ca^2+^ leak in intact versus permeabilized myocytes after myocardial infarction
-----------------------------------------------------------------------------------------------------------------

The increase in fractional release may reflect a higher sensitivity of RyRs to Ca^2+^ in PMI mice. The opening of a RyR cluster induces rapid, local, and brief \[Ca^2+^\]~i~ elevation known as Ca^2+^ spark ([@bib6]). We therefore recorded Ca^2+^ sparks in quiescent cells, as exemplified in [Fig. 3 A](#fig3){ref-type="fig"} in cardiac myocytes from sham (left) and PMI mice (right). Surprisingly, contrary to the supposed increased activity of RyR based on the fractional release data ([Fig. 2 D](#fig2){ref-type="fig"}), cardiomyocytes from PMI hearts showed a significant decrease in Ca^2+^ spark frequency ([Fig. 3 A](#fig3){ref-type="fig"}, bottom).

![Ca^2+^ spark frequency in intact versus permeabilized myocytes after myocardial infarction. (A; top) Line-scan images obtained in intact myocytes from sham (left) or from PMI (right) mice. (Bottom) Bar graph showing the Ca^2+^ spark frequency in intact cells from sham (*n* = 59 from five animals) and PMI mice (*n* = 41 from seven animals). (B; top) Line-scan images obtained in permeabilized at 50 nmol/liter \[Ca^2+^\]~i~ myocytes from sham (left) or from PMI (right) mice. (Bottom) Bar graph showing the increased Ca^2+^ spark frequency in permeabilized cells from PMI mice (*n* = 27 cells from three animals) compared with myocytes from sham mice (*n* = 26 cells from three animals). \*\*\*, P \< 0.001 versus myocytes from sham mice. Error bars represent the SEM.](JGP_201511366_Fig3){#fig3}

However, single-channel data have shown higher activity of RyR in failing hearts ([@bib25]), so an increase in Ca^2+^ sparks was expected. To resolve this discrepancy, we analyzed Ca^2+^ sparks in permeabilized myocytes ([@bib31]). Under these conditions, sarcolemmal fluxes (NCX, I~CaL~) are invalidated. Moreover, this maneuver allows us to analyze Ca^2+^ sparks in the same cytoplasmic environment for both cell types (same ATP, Ca^2+^, Mg concentration). [Fig. 3 B](#fig3){ref-type="fig"} illustrates Ca^2+^ spark occurrence in myocytes from the sham mouse (left) and PMI mouse (right). After permeabilization, myocytes from PMI mice did exhibit significantly higher Ca^2+^ spark frequency than control myocytes ([Fig. 3 B](#fig3){ref-type="fig"}, bottom).

To asses biophysical characteristics of Ca^2+^ sparks, we analyzed their amplitude (measured as the peak F/F~0~), full duration at half-maximum (FDHM), and full width at half-maximum (FWHM) in intact and permeabilized myocytes from sham and PMI mice. [Fig. 4 A](#fig4){ref-type="fig"} shows that Ca^2+^ spark amplitudes were smaller in intact PMI myocytes than in intact sham myocytes. Duration was also considerably reduced in intact PMI myocytes ([Fig. 4 B](#fig4){ref-type="fig"}), whereas no significant change was observed with respect to half-width ([Fig. 4 C](#fig4){ref-type="fig"}). A similar trend was observed in Ca^2+^ spark characteristics in permeabilized cardiomyocytes ([Fig. 4, D--F](#fig4){ref-type="fig"}), suggesting that alteration in the intrinsic RyR cluster activity or structural organization is behind alterations of Ca^2+^ spark characteristics in HF.

![Difference in the Ca^2+^ spark characteristics between intact versus permeabilized myocytes after myocardial infarction. (A--C) Ca^2+^ spark amplitude (A; peak F/F~0~), duration at half-peak amplitude (B; FDHM), and width at half-peak amplitude (C; FWHM) in intact myocytes from sham (*n* = 442 Ca^2+^ sparks, from 22 cells, from three hearts) and PMI mice (*n* = 160 Ca^2+^ sparks, from 24 cells, from three hearts). (D--F) Same as A--C but in permeabilized myocytes from sham (*n* = 7,806 Ca^2+^ sparks, from 26 cells, from three hearts) and PMI (*n* = 9,783 Ca^2+^ sparks, from 27 cells, from three hearts) mice. \*\*, P \< 0.01; \*\*\*, P \< 0.001 versus myocytes from sham mice. Error bars represent the SEM.](JGP_201511366_Fig4){#fig4}

RyR environment in intact cells reduces probability of Ca^2+^ sparks
--------------------------------------------------------------------

To investigate the discrepancy between Ca^2+^ spark occurrence in intact versus permeabilized PMI myocytes, we addressed two possible mechanisms. It is well known that the amount of Ca^2+^ stored in the SR influences Ca^2+^ spark frequency ([@bib16]). We found that the SR Ca^2+^ load is significantly reduced in intact PMI cells ([Fig. 2](#fig2){ref-type="fig"}). However, as shown in [Fig. 5 A](#fig5){ref-type="fig"}, in permeabilized myocytes, the SR load was not significantly different (P = 0.08) between myocytes isolated from sham or PMI mice, suggesting that the SR Ca^2+^ load depletion contributes to depression of Ca^2+^ spark rate in intact PMI cells. In fact, normalizing in each cell the Ca^2+^ spark occurrence by the amount of Ca^2+^ stored in the SR, we found in permeabilized myocytes that the frequency of Ca^2+^ spark by a given amount of Ca^2+^ stored in the SR is significantly higher in PMI than in sham myocytes ([Fig. 5 B](#fig5){ref-type="fig"}), whereas similar analysis in intact cells showed that the Ca^2+^ spark frequency remains decreased in PMI intact myocytes, even after normalizing it to the SR load ([Fig. 5 C](#fig5){ref-type="fig"}). This suggested that even if the SR Ca^2+^ load decrease may participate in the reduced Ca^2+^ spark occurrence, other mechanisms might also contribute. As ATP modifies RyR function ([@bib26]; [@bib21]; [@bib40]), and its levels are known to be decreased in HF ([@bib17], [@bib18]), we repeated the Ca^2+^ spark measurements in permeabilized cardiomyocytes first with control intracellular media and then with a decreased energetic source media, which mimicked failing status (see Materials and methods). [Fig. 6 A](#fig6){ref-type="fig"} shows examples of the same cells from sham (left) and PMI heart (right) in control (top) and "failing" (bottom) solutions, illustrating that Ca^2+^ sparks were reduced in failing solution. On average ([Fig. 6 B](#fig6){ref-type="fig"}), the modified internal solution to mimic HF environment significantly reduced Ca^2+^ spark frequency in both sham and PMI myocytes. In this condition, the SR Ca^2+^ load was unchanged between permeabilized cells from sham and PMI heart ([Fig. 6 B](#fig6){ref-type="fig"}). In addition, biophysical characteristics of Ca^2+^ sparks, namely amplitude ([Fig. 6 C](#fig6){ref-type="fig"}), duration ([Fig. 6 D](#fig6){ref-type="fig"}), and spatial spread ([Fig. 6 E](#fig6){ref-type="fig"}), remained reduced in PMI cells compared with sham cells in the failing solution.

![Permeabilized myocytes from PMIs show similar Ca^2+^ load but higher Ca^2+^ sparks per load unit than sham cells. (A; top) Line-scan images of representative caffeine-evoked Ca^2+^ release in permeabilized myocytes from sham (left) or from PMI (right) mice. (Bottom) Caffeine-evoked Ca^2+^ transient peak (F/F~0~) of permeabilized myocytes from sham (gray bar; *n* = 14 cells from three animals) and PMI (dark red bar; *n* = 15 cells from three animals) mice. (B) Ca^2+^ spark frequency normalized to SR load in permeabilized cells from sham (gray bar; *n* = 13 from three animals) and PMI mice (dark red bar; *n* = 12 cells from three animals). (C) Ca^2+^ spark frequency normalized to SR load in intact cells from sham (white bar; *n* = 10 from four animals) and PMI mice (red bar; *n* = 9 cells from four animals). \*, P \< 0.05 versus myocytes from sham mice. Error bars represent the SEM.](JGP_201511366_Fig5){#fig5}

![RyR metabolic environment influences Ca^2+^ spark release in PMI mice. (A; top) Representative line-scan images of Ca^2+^ sparks obtained in permeabilized myocytes from sham (left) or from PMI (right) mice, with the same cell first in control (C.Sol.; top) and then "failing" (F.Sol.; bottom) solutions. (Bottom) Bar graph showing the average data of Ca^2+^ spark frequency in permeabilized cells from sham (*n* = 6) and PMI mice (*n* = 8) in control (Ct.Sol.; gray and dark red bars for sham and PMI, respectively) and failing solutions (F.Sol.; dark green for sham and dark cyan bar for PMI). (B; top) Line-scan examples of caffeine-evoked Ca^2+^ release in permeabilized myocytes in failing solution from sham (left) or from PMI (right) mice. (Bottom) Averaged caffeine-evoked Ca^2+^ transient peak (F/F~0~) of permeabilized myocytes from sham (dark green bar; *n* = 6 cells from two animals) and PMI (blue bar; *n* = 8 cells from two animals) mice. (C--E) Ca^2+^ spark characteristics, Ca^2+^ spark amplitude (peak F/F~0~; C), Ca^2+^ spark duration at half-peak amplitude (FDHM; D), and Ca^2+^ spark width at half-peak amplitude (FWHM; E) of permeabilized myocytes from sham (dark green bar; *n* = 1,263 Ca^2+^ sparks, from six cells, from two hearts) and PMI (dark cyan bar; *n* = 1,391 sparks, from eight cells, from two hearts) mice in failing solutions. \*, P \< 0.05 versus myocytes from sham mice; \*\*\*, P \< 0.001 versus Sham cells in control solution; ^\#\#\#^, P \< 0.001 versus the same group of myocytes in control solution. Error bars represent the SEM.](JGP_201511366_Fig6){#fig6}

Ca^2+^ waves and triggered activity after myocardial infarction
---------------------------------------------------------------

To determine whether the depressed Ca^2+^ spark occurrence in intact cells may be protective of the cells from arrhythmia, we checked for Ca^2+^ waves and triggered activity during the rest period after one stimulation train (at 2 Hz) in the absence or presence of β-adrenergic stimulation (1 µmol/liter isoproterenol). [Fig. 7 A](#fig7){ref-type="fig"} shows that the occurrence of Ca^2+^ waves was significantly higher in myocytes from PMI mice compared with those from sham-operated mice during the diastolic period. Moreover, myocytes from PMI showed a higher occurrence of triggered activity than myocytes from sham mice, and this effect was enhanced by β-adrenergic stimulation ([Fig. 7 B](#fig7){ref-type="fig"}).

![Myocardial infarction induces pro-arrhythmogenic Ca^2+^ release. (A; top) Line-scan images of representative spontaneous Ca^2+^ wave release during diastole (top) in one ventricular myocyte from sham (left) or PMI (right) mice. (Bottom) Occurrence of Ca^2+^ waves expressed as percentage (bottom) in cells from sham mice (white bar; *n* = 22) and in cells from PMI mice (red bar; *n* = 24). (B; top) Line-scan image of one ventricular myocyte isolated from PMI mice during electric stimulation at 2 Hz and during isoproterenol application. Red lines indicate electrical stimulation, and violet arrows indicate spontaneous triggered activity during diastole. (Bottom) Occurrence of abnormal triggered activity in myocytes from sham (white bar; *n* = 10) or PMI (red bar; *n* = 13) mice, and in myocytes from sham or PMI mice in the presence of 1 µmol/liter isoproterenol (orange bar for sham, *n* = 10; crosshatched orange bar for PMI, *n* = 13). *n* = 3 hearts per group. \*\*, P \< 0.01; \*\*\*, P \< 0.001 versus myocytes from sham mice; ^\#\#^, P \< 0.01 versus myocytes from PMI mice.](JGP_201511366_Fig7){#fig7}

DISCUSSION
==========

In this paper, we have analyzed Ca^2+^ sparks in a mouse model of HF after myocardial infarction and demonstrated that even if RyRs showed signs of enhanced activity, Ca^2+^ sparks in intact cardiomyocytes were less frequent in PMI myocytes, although more Ca^2+^ waves were formed. Cell permeabilization unmasked the defect, unveiling enhanced Ca^2+^ spark occurrence in failing cardiomyocytes. The alterations in the SR Ca^2+^ load and cytosolic environment contributed to the depression in Ca^2+^ spark occurrence in intact myocytes from HF mice.

In the model we used herein, the hearts presented big transmural infarctions, ventricular myocytes were hypertrophied, and echocardiography measurements showed a depressed contractile function of the heart ([Fig. 1](#fig1){ref-type="fig"}). At the cellular level, the amplitude of the \[Ca^2+^\]~i~ transient was reduced, and the decay time prolonged, in agreement with decreased SR Ca^2+^ load ([Fig. 2](#fig2){ref-type="fig"}). Interestingly, spontaneous Ca^2+^ sparks recorded during rest period were less frequent in PMI than in control cells ([Fig. 3](#fig3){ref-type="fig"}), which is consistent with the depressed SR Ca^2+^ load but inconsistent with the reported higher RyR2 activity ([@bib25]).

Since the first report on Ca^2+^ sparks in an animal model of HF ([@bib13]), conflicting results have been reported regarding the Ca^2+^ sparks. Although the first study found a decrease in evoked Ca^2+^ sparks in two rat HF models ([@bib13]), a later one showed an increase ([@bib39]). However, the latter study concerned a model of compensated cardiac hypertrophy, where the cardiac function was normal, thus without signs of HF. The confounding results regarding the occurrence on Ca^2+^ sparks was further complicated by the observation that single RyR channel activity, measured in isolated RyR incorporated into lipid bilayers, showed higher activity in failing hearts ([@bib25]). Ca^2+^ sparks are described as the elementary events of SR Ca^2+^ release through RyRs, which can be visualized using appropriated techniques. Thus, an increase in RyR activity by either PKA ([@bib25]) or calmodulin-dependent protein kinase II ([@bib1]) phosphorylation, FKBP12.6 down-regulation ([@bib25]), or RyR oxidation ([@bib41]), among others, should be translated into a higher than normal Ca^2+^ spark frequency. In our experiments, we did not find increased, but rather decreased, Ca^2+^ spark frequency, which is consistent with the depression in SR Ca^2+^ content ([Fig. 2](#fig2){ref-type="fig"}). In fact, Ca^2+^ spark frequency is highly dependent on Ca^2+^ content in the SR ([@bib44]). However, our data did show hints indicating that the RyR is more active in HF cardiomyocytes. In fact, in [Fig. 7](#fig7){ref-type="fig"} we evidenced an enhanced diastolic leak in the form of Ca^2+^ waves in PMI myocytes. This indicates a higher propensity for Ca^2+^ released in a RyR cluster to activate neighboring clusters and propagate throughout the cell in arrhythmogenic Ca^2+^ waves. Thus, diastolic Ca^2+^ release is higher in PMI cells, although Ca^2+^ sparks are not. Moreover, the fractional release (calculated as the amount of Ca^2+^ released in each twitch normalized to the amount of Ca^2+^ stored in the SR) is significantly higher in PMI cells, indicating favored Ca^2+^ release when triggered. Cells from small rodents such as mice accumulate Ca^2+^ inside the SR during resting periods, which depend, among others factors, on the balance between Ca^2+^ leak and SERCA activity. We have measured this property as post-rest potentiation, a measurement of the enhancement of the \[Ca^2+^\]~i~ transient amplitude after a rest period compared with the average \[Ca^2+^\]~i~ transient amplitude in steady state during continued electrical stimulation. We found that the post-rest potentiation is less important in PMI cardiomyocytes, suggesting that the Ca^2+^ leak during rest may be more important. This is not incompatible with the decreased frequency of Ca^2+^ sparks in intact PMI cardiomyocytes. In fact, although Ca^2+^ sparks were first described as the elementary event of Ca^2+^ release through RyRs, nonspark Ca^2+^ release can happen through RyRs ([@bib23]; [@bib44]), and the dependency of this release on the SR Ca^2+^ load is less steep than that of Ca^2+^ sparks ([@bib23]). Moreover, PMI cells showed more diastolic Ca^2+^ release measured as Ca^2+^ waves ([Fig. 7](#fig7){ref-type="fig"}). Because HF is a complex process, where other Ca^2+^-handling proteins show altered expression or function, and also the cytosolic environment around the RyR may be altered, an enhanced RyR activity may not be visualized as an elevated occurrence of Ca^2+^ sparks. This is extremely important regarding the amount of Ca^2+^ stored in the SR, as the RyR is also sensitive to luminal Ca^2+^ and below a certain threshold, Ca^2+^ sparks are shut down ([@bib44]). Thus, in the setting of decreased SR Ca^2+^ load or depressed levels of ATP, as in HF, spontaneous Ca^2+^ sparks can be depressed. In permeabilized myocytes, we avoid this by controlling the intracellular solution. Using this maneuver, we unmasked the enhanced RyR activity in PMI myocytes, showing a marked increase in the Ca^2+^ spark frequency ([Fig. 3](#fig3){ref-type="fig"}). Under these conditions, the SR Ca^2+^ load was not significantly different from sham and PMI cells ([Fig. 5 A](#fig5){ref-type="fig"}), indicating that SR Ca^2+^ depletion in HF contributes to the depressed Ca^2+^ spark occurrence in PMI mice cardiomyocytes, but this may not be a unique mechanism. In fact, HF is a highly compromised metabolic state where substances that influence RyR activity, like ATP concentration, are altered ([@bib26]; [@bib17], [@bib18]; [@bib21]; [@bib40]). In fact, in a subset of experiments, we tested the effect on Ca^2+^ sparks of a metabolically altered intracellular solution (similar to what could be found in HF; see Materials and methods) in the same cardiomyocyte by perfusing first with the basic control solution and then with the failing solution ([Fig. 6 A](#fig6){ref-type="fig"}). The results unequivocally show that the "failing" solution drastically reduces Ca^2+^ spark occurrence, even in the cells isolated from PMI mice, where the Ca^2+^ spark frequency was enhanced, demonstrating that the intracellular environment around the RyR can contribute to mask the otherwise enhanced Ca^2+^ spark frequency. Moreover, the effects of luminal Ca^2+^ on RyR modulation by ATP are synergistic ([@bib40]). But once the Ca^2+^ spark happens (stochastically and/or under β-adrenergic stimulation, which also increases SR load), the probability of this Ca^2+^ spark initiating a Ca^2+^ wave is higher in PMI cells, likely because of RyR hyperactivity and SERCA depression. The differences in Ca^2+^ spark properties between sham and PMI cells were maintained in every condition tested, suggesting alterations in the RyR gating and/or rearrangement of clusters.

Thus, our data show that although the RyR is more active and may induce more leak in HF, this may occur preferably in nonspark form. However, the enhanced sensitivity to Ca^2+^ of the RyR in HF may favor propagation of Ca^2+^ sparks into Ca^2+^ waves, which contrary to Ca^2+^ sparks, are arrhythmogenic by activating NCX current.
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